Abstract
Introduction

48
Climate change will have direct effects on livestock performance and welfare, mainly 49 through increases in temperature and the frequency of extreme weather events, and 50 will also affect animals indirectly through changes in the availability of fodder and 51 pasture and the distribution of pests and parasites (Gauly et al., 2013 (Hansen, 2009 ) and health (Sanker et al., 2013) , and increase the 55 risk of mortality (Vitali et al., 2009) . Heat stress occurs when animals experience 56 conditions above their thermal comfort zone and are unable to dissipate enough heat 57 to maintain thermal balance (Kadzere et al., 2002) . This is already costly to the dairy between heat tolerance and productivity is negative , and dairy cattle are becoming more sensitive to heat stress due to optimisation of 72 breeding and management practices for increased performance (Kadzere et al., 73 2002, West et al., 2003) . The reduction in productivity in heat stressed cows is 74 largely a result of reduced feed intake, but high temperatures also have a direct 75 effect on reproductive physiology and metabolism (Renaudeau et al., 2012) . Cattle 76 generate metabolic heat as a by-product of milk synthesis and so higher yielding 77 animals experience heat stress at lower THIs than lower yielders (Kadzere et al. 78 2002). (2003) found that the effects of mean 87 daily THI on milk yield were greatest two out of a possible three days after THI was 88 recorded and Bouraoui et al. (2002) found that mean daily THIs measured 1, 2 and 3 89 days before the test day had a greater effect on milk yield than test day THI. These 90 time lags might be related to the duration of digestive processes (Gauly et al., 2013) .
92
Here we used 21 years' data from a single herd at two dairy research farms on the variables for which 24h summaries were available (precipitation, T db and sunshine).
198
We also noted the presence versus absence of lying snow on the TD and TD-1. 
Results
280
Weather conditions at the research farms
281
The UK has a maritime temperate climate with mild summers and winters.
282
Descriptive statistics for weather at the two research farms are given in Table 1 milk production decreased over a given lactation ( identity, lactation number and DIM, but not by the maximum ppt over the last three 380 days (Table 3) . Fat content showed an overall decrease with THI for animals Table   387 3). Cows produced milk with a higher proportion of fat when outdoors than indoors 388 ( indoors, perhaps in response to increased radiant heat from the roof. although others found no effect (Knapp and Grummer, 1991, Wheelock et al., 2010) .
516
While an increase in the number of sunshine hours was associated with an increase in milk yield in cows outdoors and a decrease in milk yield in cows indoors, the 518 inverse was true for fat content. More concentrated milk yields can arise where milk 519 production is reduced and fat synthesis remains constant, so one possibility is that 520 sunshine influences milk fat simply through its effects on milk yield. This could be 521 tested by evaluating the effects of sunshine on total milk fat. The points at which performance began to decline with increasing THI were lower in tolerances than cattle in warmer climates where most work was undertaken.
541
Climate change models predict that temperatures will get warmer this century, 543 leading to an increased incidence of heat stress. bring further changes, such as a longer growing season, wetter soils and a higher 549 incidence of disease (Gauly et al., 2013) , and these should also be considered.
550
Potential decreases in productivity may be offset through changes in farming 
692
Descriptive statistics are provided for each farm, and weather between the two farms is compared using separate generalised least squares models fit by 693 restricted maximum likelihood. Averages for THI 1 and THI 2 , which we calculated from Meteorological Office data using equations (1) and (2), respectively, are 694 also given.
695
Recording regime indicates whether values are PSs taken at 0900 h or 24 h summaries (mean, minimum, maximum, total).
696
Two-tailed levels of statistical significance are indicated by asterisks: *P <0.05, **P <0.01 and ***P <0.001. 38.2 Linear, quadratic (^2), cubic (^3) and quartic (^4) effects were tested for where indicated. Non-significant effects that were not components of 709 significant interactions were removed from the final models; their P-values are italicised. WS is wind speed and ppt is precipitation The number of animals used for analyses of protein content was the same as for analyses of fat content estimates for the effects presented here are provided in Table 3 . Note that plots are truncated to exclude the highest and lowest 719 0.5% of weather records due to small samples for extreme weather events. Weekly maximum sunshine (h) c.iii
